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Abstract. Alternating current (AC) impedance spectroscopy has been applied in characterizing 
microstructural evolution and electrochemical properties of cement-based systems. In the present 
paper, an equivalent circuit model was proposed to study the influences of chloride binding on 
microstructure and solid-liquid interfacial properties of cement paste. Chloride concentration index of 
pore solution was measured to correlate to the parameters in equivalent circuit model corresponding 
to electrical double layer at solid-liquid interface. The results showed that the parameters of 
equivalent circuit model can properly indicate the microstructure and interfacial properties of cement 
paste. Resistance of continuous pores was gradually decreased with chloride concentration in soaking 
solution due to the higher conductivity of pore solution. The capacitance of electrical double layer was 
increased with chloride concentration in pore solution due to more content of chloride ions in 
electrical double layer. While the thickness of electrical double layer was decreased as chloride 
concentration increased, which is in agreement with mathematical calculation. 
Introduction 
AC impedance spectroscopy is a powerful technique to measure the electrochemical properties and 
microstructure of conductive materials. On account of the possibility of correlating the dielectric and 
mechanical properties of materials, the impedance spectroscopy technique was initially applied in 
cement-based materials in 1988 [1,2]. The microstructure of concrete member or cement mortar/paste 
sample is high heterogeneity, AC impedance spectroscopy provides a potential approach to detect the 
inhomogeneous structure within cement-based materials macroscopically. As a kind of porous media, 
the porous and capillary structure is very important to the mechanical and durability properties of 
cement-based materials, which can be determined by AC impedance spectroscopy measurements. A 
concrete, mortar or paste sample can be considered as a special electrochemical system. The 
cement-based materials system can be considered as an electrolyte solution system dispersed in the 
porous structure within materials. However, the physical and chemical reactions between pore 
solution and hydration products within cement-based materials make this system more complex than 
any other typical conducting materials.  
    Besides the capacitance related to electrolyte-electrode interface in most electrochemical 
systems, the electrical double layer formed at the interface of solid and liquid within cement-based 
 materials will also generate capacitance. The value of the former is much smaller than the latter, 
which can be generally ignored. Cement-based materials systems can be considered as an kind of 
electrolyte, and at the same time it is also a dielectric. Due to the slow Faraday process, cement-based 
materials show the features of dielectric at higher frequency range (1MHz-10kHz) [3,4], while it can 
be considered as a electrochemical system at frequency range lower than 10kHz. The microstructure 
and electrochemical properties of cement-based materials can be directly or indirectly revealed by the 
results of AC impedance spectroscopy measurements.  
    The damage of concrete structure caused by reinforcement corrosion has become a worldwide 
concern issue, in which chloride-related corrosion accounts for most of it. Chloride ions can penetrate 
into engineering structures from concrete surface by diffusion, permeation or absorption or be 
incorporated in mixing water or raw materials . Chlorides may either be chemically bound in 
compounds like Friedel’s salt, or be physically adsorbed onto, for instance, the amorphous calcium 
silicate hydrate (CSH) gel [5]. However, only the free chloride ions dissolved in pore solutions are 
responsible for the corrosion of reinforcement steel [6]. These physical and chemical reactions 
occurring between chloride ions and hydration products or unhydrated cementitious materials may 
alter the microstructure and chemical composition of hydration products of cement. These 
alternations may be developed with the hydration of cement and continues penetration of chloride 
ions, which are difficult to be tested by other destructive techniques.  
    As an non-destructive technique, AC impedance spectroscopy measurement has been applied in 
the investigation of the hydration properties [7,8], ion migration [9,10] and steel corrosion [11] of 
cement-based materials, while the research on chloride binding by this method is still limited. This 
paper presents an AC impedance spectroscopy measurement campaign on cement paste samples 
immersed in sodium chloride solution with different chloride concentration, and analyzes the 
experimental results with an established equivalent circuit model. The influences of chloride 
concentration on impedance characteristics of cement pastes are studied. The relationships between 
electric parameters and pore structure and chloride concentration in expressed pore solution are also 
discussed.  
Experimental 
Raw materials. P·I 52.5 Portland cement was used in this study. The chemical composition of 
cement is given in Table 1. NaCl were analytical grade chemicals. De-ionized water was used to 
prepare solutions for chemical analysis. 
Table 1 Chemical composition of raw materials [%] 
Raw Material SiO2 Al2O3 Fe2O3 CaO MgO K2O SO3 C Ignition loss 
Cement 22.51 5.32 3.78 63.12 2.56 0.71 2.02 — — 
Specimens preparation. The w/c ratio of cement paste was 0.4. PVC pipes with a size of 
Φ50×200mm were used as a mould. One end of the mold was sealed with polyvinyl chloride board. 
After casting the cement paste into the mold, the other end of the mould was sealed with plastic film 
immediately. The specimens with mould were left in a room at 20±2℃, then demoulded and cut into 
thin-disc about 5mm of thickness 24h after casting. 
The cement paste disc specimens were cured in water for another 26d before vacuum saturating 
with saturated limewater during about 24h, then immersed into 0.1, 0.3, 0.5, 0.7 and 1.0 mol/L of 
NaCl solution respectively in plastic containers. The containers were covered with plastic film and 
placed in a room with constant temperature at 20℃. The volume ratio of soaking solution to 
specimens was kept above 40, the solution was replaced every two weeks so to ensure a relatively 
constant chloride ion concentration in the soaking solution. The cement paste disc specimens were 
soaked in NaCl solutions for 56d before chloride ion and AC impedance analyses. 
AC impedance spectroscopy measurements. The specimens were wiped with wrung soaking 
solution-wetted cloth until the saturated surface dry condition was reached after the designed soaking 
 time in NaCl solution was reached. The impedance spectroscopy measurements of the cement paste 
samples were conducted using an Agilent 4294A impedance analyzer with testing frequency ranging 
from 40Hz to 100MHz. A parallel plate electrode configuration was employed to perform the 
measurements. Before testing the samples, the open and short circuit tests were performed to revise 
the obtained impedance spectrum data and get rid of the effects of environment and connection cable 
on results.  
The frequency range for the impedance measurements was 40Hz to 30MHz. The applied AC 
voltage amplitude was 100mV and the total points in the spectrum of a single sample was 150. 
The measured data were fitted to an equivalent circuit model shown in Fig. 1 to obtain the 
parameters related to the microstructure of samples. The model used in this work is developed from a 
previous model proposed to study the non-steady state chloride migration of concrete [12]. 
 
Fig. 1. Equivalent circuit model used for the interpretation of the impedance spectroscopy 
measurements in the high frequency region 
The total impedance Z(ω) of the equivalent circuit model can be calculated as: 
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 Zplot software was used to analyze the measured impedance spectrum and fit with the equivalent 
circuit model. The value of R1, R2, C2, R3 and C3 can be obtained. In this equivalent circuit model, R1 
is the resistance of the interface between the sample and electrode. R2 corresponds to the continuous 
pores which filled with the pore solution, while C2 is the dielectric capacitance represents the solid 
fraction in the sample. R3 accounts to the discontinuous pore blocked by hydration products. C3 is the 
capacitance associated to the electric double layer formed at the solid walls. α1 and α2 correspond to 
Cole–Cole type time constant dispersion factors. 
Chloride concentration in pore solution. The specimens were rubbed with soaking 
solution-wetted but twisted cloth to obtain saturated surface dry condition after the soaking in NaCl 
solution. Those specimens were crushed, placed in an expression apparatus for pore solution as 
described in a previous study [13]. The expressed pore solution was collected with an injection 
syringe whose pinhead was covered with a latex tubing to prevent leaking. A plastic bottle was used to 
contain the expressed pore solution, and was sealed immediately to avoid carbonation. 
The pore solution was diluted for 20 times and analyzed for chloride ion concentration using an 
automatic potentiometric titrator with a silver electrode. The titration solution is 0.01mol/L of AgCl 
solution. At the end point of a titration, the automatic potentiometric titrator calculated the 
concentrations according to potential-volume curve automatically. 
Pore structure measurements. Pore structure measurements were carried out on specimens in 
parallel to AC impedance measurement. The specimens were crushed into fragments about 0.5 cm 
size. Their rough edges were chipped off by a plier. The small fragments were immersed in unhydrous 
ethanol at least 24h to stop further hydration, then dried in an vacuum oven at 60℃ until constant 
mass was reached. Pore structure of the dried cement pastes were measured by means of mercury 
intrusion porosimetry. The contact angle was assumed as 140º, and surface tension 106.7 psi-µm. In 
 addition, the information on pore tortuosity can be determine by the mercury retained in the sample 
after the experiment. The tortuosity of pore network can reveal the information on the irregularities of 
pore shape, which cannot be detected directly by MIP. 
Results and discussion 
Modification of cement-paste-electrode interface. Fig. 2 shows the value of R1 as a function of 
chloride concentration in soaking solutions. The value of R1 was sharply decreased with chloride 
concentration in soaking solution increased from 0.1 to 0.3 mol/L, while after that it kept constant 
until 1.0 mol/L. 
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Fig. 2. Evolution of the resistance corresponding to cement paste-electrode interface 
The interface between testing samples and electrode has great influences on the obtained 
impedance spectrum results. A flat and polished contacting surface will maximally eliminate 
experimental errors and provide more real and effective results. Fig. 2 shows that the value of R1 is 
lower than 100 Ω, which can be neglected compared to the resistance of samples. In this experiment, 
the samples were all cut with a special cutting machine. During the experiment process, efforts were 
made to ensure the flatness and the parallel of each side of samples. It can be known that 
electrode-sample interface has few effects on the experimental results. During our experiments, 
saturated surface dry condition of the samples were guaranteed by rubbing the samples with cloth 
wetted by soaking solution of tested sample. Therefore, the solution on the surface of samples may 
bring some effects on the resistance of sample-electrode interface. Fig. 3 shows the electrical 
resistivity of different concentration of NaCl solution equal to that of soaking solution in this study. 
The electrical resistivity of NaCl solution was decreased with the increase of concentration, especially 
for the lower concentration solution. With the increase of chloride concentration in soaking solution, 
the resistance of the sample-electrode interface may be decreased. Anyway, the lower R1 in this study 
confirms that the preparation of samples and selection of testing equipment and method meet the 
requirement to obtain reliable experiment data. 
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Fig. 3. The electrical resistivity of NaCl solution as a function of concentration 
Modifications of the cement paste microstructure due to chloride penetration. The dielectric 
 parameters R2 and R3 (resistance accounts to continuous pores and discontinuous pores, relatively) 
and C2 (capacitance associated to the solid fraction of samples) are all electric parameters 
representing the microstructure of the cement-based materials. In Fig. 4, the variations of different 
parameters of samples are depicted. The dielectric capacitance related to the solid fraction (C2) was 
gradually increased with chloride concentration in soaking solution, while the resistance of 
continuous pore (R2) and discontinuous pore (R3) were increased as the chloride concentration 
increased. The increase of R2 and R3 was more significant when the chloride concentration was 
relatively low.  
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Fig. 4. Variations of the dielectric parameters corresponding to cement paste microstructure 
After penetrating into the cement-based materials, the chloride ions may experience being chemically 
bound or physically absorbed by hydration products. Many studies have given the evidence that the 
penetrated chloride ions may react with some hydration products and cause local precipitation. The 
blocking of percolating porosity due to the formation of chloric-compounds improves the pore 
structure of cement-based materials. Monosulfate within hardened cement-based materials will be 
destabilized and forms Friedel’s salt and ettringite when the chloride ions are existed. An increase of 
the total solid volume can be expected because the density of ettringite is lower than that of 
monosulfate. The Friedel’s salt deposit decreased the amount of macropores and permeability of 
concrete. The increase of C1 points to the formation of solids within samples.  
Due to the higher conductivity of pore solution than solids, the composition and concentration of 
pore solution mostly dominates the resistance of continuous and discontinuous pore. Therefore, a 
similar trend on R2 and R3 of cement paste with chloride concentration was obtained to that of 
sodium chloride solution shown in Fig. 3. The research of Sánchez et al [14]  showed that during the 
first period of chloride migration experiment, the resistance related to continuous and discontinuous 
pore experienced a sharp decrease with the penetration of chloride ions into inner pore. In order to 
study the effects of chloride ions on inner structure of cement paste, we can idealize all the continuous 
 and discontinuous pores within samples into a resistor whose resistivity is equal to that of soaking 
solution shown in Fig. 3. The ratio of length to section area of these resistors can be calculated as: 
R/ρ = l/A                                                                                                                                        (2) 
Where R is the resistance, ρ is the resistivity of resistor, l and A is length and section area of the 
resistor.  
Fig. 5 shows the results obtained from the calculated resistance of continuous and discontinuous 
pore and resistivity of sodium chloride solution. In this study, the thickness of testing samples were 
kept constant (5 mm), so that we can assume that the length of the idealized resistor for the samples 
are the same. The evolution of R/ρ with chloride concentration may be due to the change of reciprocal 
of section area. It can be seen from the figure that the increase of chloride concentration from 0.1 to 
0.3 mol/L, the section area of continuous pore was decreased while discontinuous pore increased. The 
decrease of continuous pore and increase of discontinuous pore may be the result from the formation 
of chlorinated compounds, which narrowed down the pore system of cement paste and transferred the 
continuous pore into discontinuous pore.  
However, with the increase of chloride concentration in pore solution, the influence of chloride 
concentration on value of R/ ρ of continuous pore was reversed, and the development of 
discontinuous pore began to flatten. As the chloride concentration of pore solution increased, the 
concentrated ions may modify the composition of pore solution. The higher concentration of pore 
solution weakened the effects of microstructure of cement paste on electrochemical properties, 
especially for continuous pore. The sodium ions in pore solution may change the dissolution of 
calcium ions from solid, which can also bring some effects on microstructure of samples. However, 
insufficient results are obtained in this study to verify and confirm the mechanism.    
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Fig. 5. The value of R/ ρ as a function of chloride concentration  
Modifications of the ion concentration in electric double layer due to chloride penetration. 
Fig. 6 shows the effects of chloride concentration in soaking solution on the value of capacitance of 
electrical double layer. With the increase of chloride concentration, the value of electrical double 
layer capacitance was significantly increased.  
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Fig. 6. Variations of the electrical double layer capacitance  
 The electric double layer forms at the surface of solid when it gets into contact with liquids. 
Helmholtz [15] found that charged electrodes immersed in electrolyte solutions will repel the co-ions 
while attracting counter-ions to their surfaces. The two compact layers of charges formed at the 
electrode/electrolyte interfaces were called the “electric double layer”. The formation of electrical 
double layer at the solid-liquid interface within cement-based materials was also confirmed and Stern 
model was widely accepted to simulate the electrical double layer. Immersed in solution, the electric 
double layer formed at the interface of solid and liquid due to the ionization, ion exchange or binding 
and fraction contact.  
Idealizing the electrical double layer within cement paste as a parallel-plate capacitor, the area (S) 
and distance (d) of this “capacitor” can be considered as surface area of pore and electrical double 
layer thickness. The capacitance of this “capacitor” can be calculated as: 
d
SC rεε0=                                                                                                                                                                (3) 
Where,  0ε and rε  is the vacuum permittivity and relative permittivity of electrical double layer.  
The relative permittivity of sodium chloride solution with different concentration can be obtained 
from the handbook of chemistry. The relativity permittivity and pore structure results of samples are 
shown in Table 2.  
Table 2. MIP test results of cement pastes  
No. Chloride concentration in soaking solution (mol/L) Specific surface area (m2/g) Skeletal density (g/cm3) 
1 0,1 8,173 2,6155 
2 0,3 10,034 2,8354 
3 0,5 12,866 2,9579 
4 0,7 15.035 3,0567 
5 1 16.004 3,2253 
According to the MIP test results shown in Table 2 and permittivity of sodium chloride solution in 
reference [16], the value of thickness of the idealized electrical double layer capacitor can be 
calculated. Fig. 7 shows the normalized thickness of electrical double layer of cement pastes with 
different chloride concentration of soaking solution. It can be clearly seen that the thickness of 
electrical double layer at the solid-liquid interface of cement pastes is significantly decreased with the 
increase of chloride concentration. It has been demonstrated that the formation of electrical double 
layer at the solid-liquid interface may affect the chloride migration and chloride binding of 
cement-based materials. According to the Debye formula on Stern electrical double layer model, the 
thickness of electrical double layer may be significantly decreased with the increase of pore solution 
concentration. The results obtained from the impedance spectroscopy measurement in this study is in 
agreement with the theoretical calculation and previous studies. 
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Fig. 7. Normalized electrical double layer thickness 
 As the description on Stern electrical double layer model [17] and previous study [18] on electrical 
double layer of cement pastes, the concenbtration of chloride ions in electrical double layer is higher 
than that in bulk solution in pore. During the process of pore solution expression, the concentrated 
chloride ions in electrical double layer can be extracted and increase the chloride concentration in the 
expressed pore solution [19]. Fig. 7 shows the chloride concentration index, which is defined as the 
ratio of chloride concentration in the expressed pore solution to that in the soaking solution, of cement 
pastes in different concentration of soaking solution. It can be seen that the chloride concentration 
index of cement paste was significantly decreased with the increase of chloride concentration in 
soaking solution. 
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Fig. 8. Chloride concentration index of cement paste 
In surface physical chemical, the thickness of electrical double layer (L) formed at the solid liquid 
interface can be calculated by Deybe formula [20]: 
bcF
RTL 2
1
2
ε
κ == −                                                                                                                                                                                              (4)      
Where, k is Deybe constant, cb is the concentration of bulk solution, εis the permittivity of bulk 
solution. It can be seen from the formula that the thickness of electrical double layer is effected by the 
concentration of bulk solution, which is in agreement with the results obtained by AC impedance 
spectroscopy measurement in this study. The results of chloride concentration index and the 
capacitance of elactrical double layer measured by AC impedance psectroscopy in this study confirms 
the possibility and feasibility of AC impedance spectroscopy technique to study the electrochemical 
properties of cement-based materials. 
According to the results of this study, the impedance spectroscopy measurement, as a 
non-destructive testing method, can provide some useful information on microstructure and 
electrochemical properties of cement paste. The determination of an appropriate equivalent electrical 
circuit model is very important and necessary for analysis of impedance spectrum. 
Summary 
The parameters of impedance spectroscopy of cement pastes with different chloride concentration in 
soaking solution was measured and studied in this paper. The main findings of the results are 
concluded as follows: 
1. Due to the higher conductivity of sodium chloride solution with higher concentration, the 
resistance relates to interface of electrode and testing samples is decreased as the chloride 
concentration of solution in the surface of samples. 
2. The capacitance associated to the solid fraction of cement pastes is increased with the chloride 
concentration in soaking solution, the chloride ions in pore solution can result into the formation of 
solid phase and densify the microstructure of cement pastes. 
 3. The resistance of continuous and discontinuous pore is decreased as the chloride concentration 
in soaking solution increased. For samples immersed in low concentration solution, the 
microstructure of cement paste domains the resistance of samples, while it is governed by 
concentration of pore solution for high concentration solution immersed samples.  
4. With the increase of chloride concentration, the electrical double layer capacitance of cement 
paste is gradually increased. The measured chloride concentration index was decreased as chloride 
concentration in soaking solution increased, which can be interpreted by the decreasing electrical 
double layer thickness calculated by AC impedance spectroscopy measurement. 
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